Mitochondrial toxicity results from pyrimidine nucleoside reverse transcriptase inhibitors (NRTIs) for HIV/AIDS. In the heart, this can deplete mitochondrial (mt) DNA and cause cardiac dysfunction (eg, left ventricle hypertrophy, LVH). Four unique transgenic, cardiac-targeted overexpressors (TGs) were generated to determine their individual impact on native mitochondrial biogenesis and effects of NRTI administration on development of mitochondrial toxicity. TGs included cardiac-specific overexpression of native thymidine kinase 2 (TK2), two pathogenic TK2 mutants (H121N and I212N) , and a mutant of mtDNA polymerase, pol-g (Y955C). Each was treated with antiretrovirals (AZT-HAART, 3 or 10 weeks, zidovudine (AZT) þ lamivudine (3TC) þ indinavir, or vehicle control). Parameters included left ventricle (LV) performance (echocardiography), LV mtDNA abundance (real-time PCR), and mitochondrial fine structure (electron microscopy, EM) as a function of duration of treatment and presence of TG. mtDNA abundance significantly decreased in Y955C TG, increased in TK2 native and I212N TGs, and was unchanged in H121N TGs at 10 weeks regardless of treatment. Y955C and I212N TGs exhibited LVH during growth irrespective of treatment. Y955C TGs exhibited cardiomyopathy (CM) at 3 and 10 weeks irrespective of treatment, whereas H121N and I212N TGs exhibited CM only after 10 weeks AZT-HAART. EM features were consistent with cardiac dysfunction. mtDNA abundance and cardiac functional changes were related to TG expression of mitochondrially related genes, mutations thereof, and NRTIs.
Mitochondrial biogenesis is defined as the control of mitochondrial turnover, content, and number to maintain integrity and tissue energy demands. 1 In the heart, mitochondria are abundant; they constitute approximately 40% of total cardiomyocyte volume and produce more than 90% of its energy. 2 Because mitochondria possess their own unique DNA (mtDNA; reviewed in Pakendorf and Stoneking 3 ), altered mtDNA replication can result in diminished mitochondrial biogenesis, decreased energy output, and organ dysfunction. 4 Side effects of antiretroviral drugs include defective mitochondrial biogenesis 5 and a relationship to inhibition of pol-g by nucleoside reverse transcriptase inhibitors (NRTIs) has been posited. 6 Pyrimidine NRTIs used in HIV/AIDS compete with native nucleotides for incorporation into nascent mtDNA. It was hypothesized that temporal changes may be associated with growth and physiological end points as well as molecular thresholds of mtDNA toxicity that could be related to specific genetargeted mutations.
To define mtDNA replication defects in vivo, genes encoding polypeptides integral to mitochondrial biogenesis were transgenically targeted (TG) to the murine heart. Treatment with NRTIs parametrically defined effects on cardiac mtDNA replication and function in TGs and wildtype (WT) littermates.
Cardiac-targeted TGs for thymidine kinase 2 (TK2) were used. TK2 is a mitochondrial pyrimidine deoxynucleoside salvage enzyme involved in pyrimidine nucleoside phosphorylation in mitotically quiescent cells. 7 Overexpression of native TK2, and two mutants of TK2 (H121N and I212N; known to cause 'inherited mtDNA depletion syndromes' 8 ) were used. The TK2 mutant TGs served as 'dominant negatives' that interrupt pyrimidine nucleoside phosphorylation homeostasis.
Another cardiac-targeted TG expressed a mutant (Y955C) of the DNA polymerase-g (pol-g) uniquely responsible for mtDNA replication. Y955C is the commonest, most severe autosomal dominant POLG mutation. 9, 10 This TG exhibited severely decreased mtDNA, increased oxidative stress, and cardiomyopathy (CM), 11 whereas more recent studies demonstrated mtDNA depletion and CM after 5 week AZT-HAART. 12 Owing to the duration of these studies, it was important to establish changes (if any) that related to murine growth. Temporal changes in mtDNA abundance during early adulthood were defined in FVB/n WT mice. mtDNA abundance and cardiac dysfunction were subsequently determined in cardiac-targeted TGs expressing above-mentioned genes and AZT-HAART pharmacological treatment. These experiments tested whether genetically regulated differences in mtDNA replication along with pharmacological manipulation impact cardiac mtDNA replication and performance.
MATERIALS AND METHODS a-MyHc Promoter-Driven Mutant TGs
Cardiac-targeted overexpressing transgenic mouse lines were used. Multiple lines for each TG were previously generated for native TK2 TG, 13 TK2 mutant (H121N and I212N) TGs 12,14 and Y955C pol-g mutant TG. 11 Relative copy number for each line was determined. Low copy number lines were selected for these studies to prevent nonspecific strong overexpression effects. 15 No changes in cognitive behavior, growth, maturation, breeding behavior, or Mendelian distribution were found in any of the lines. TG mice were routinely identified for each generation using dot blot analysis and real-time PCR.
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Treatment Protocols
Procedures complied with Emory IACUC and NIH guidelines. WT and TG littermates (male and female) were age-matched (8-12 weeks) at the start of the treatment regimen. Cohorts of 15-20 mice were used in standard '2 Â 2' factorial protocols. Food and water were provided ad libitum. Antiretroviral drugs were from the manufacturers (compliments of Professor Raymond Schinazi, VA Medical Center, Decatur, GA and Emory Center for AIDS Research Pharmacology Core). Dosing was done by daily gavage (morning) at doses that resemble human therapy on an mg/kg per day basis. Combination antiretroviral treatments included zidovudine (AZT; 0.22 mg per day) together with lamivudine (3TC; 0.11 mg per day) and indinavir (IDV; 0.9 mg per day) or vehicle controls. Morbidity and mortality from the procedure were negligible. After 3 and 10 weeks of treatment (11-13 or 19-22 weeks of age), body weights and echocardiographic (ECHO) measurements were carried out, animals were terminated, and samples were retrieved and stored at À801C for DNA extraction and analysis (Figure 1 ). mtDNA and Nuclear DNA Quantitation in Heart and Skeletal Muscle Tissue Using Real-Time PCR Methods used were modifications of those from others 16 as employed by us in the past. 11, 13 Total DNA was extracted from heart and skeletal muscle tissue (B10 mg wet weight) using a MagNA Pure System and reagents (Roche Life Sciences, Indianapolis, IN, USA). DNA sequences for primers and probes used for quantitation of mitochondrial and nuclear DNA (nDNA) were described. 13 Real-Time PCR was performed in duplicate for each amplicon. Amplification was performed using LC 480 (Roche Life Sciences). Standard DNA curves for quantitation of the LC products were used. PCR products of mtDNA and nDNA were quantified using the corresponding external standard.
Echocardiography in Mutant TGs and WT
ECHO was performed at experimental termination. Left ventricular (LV) mass and LV end-diastolic dimension (LVEDD) were quantified and normalized using ECHO in age-and gender-matched (littermate) WT and TGs as before. 17 Mice were anesthetized with Avertin (0.25 mg/g of body weight) and two-dimensionally targeted M-mode images were generally taken from the short axis (at the level of the largest LV diameter) by using a 15 MHz transducer Fine structure pathological evaluations with transmission electron microscopy analysis of mitochondrial damage of mutant TGs Ultrastructure (N ¼ 12) was evaluated with electron microscopy (EM) using methods used regularly in the laboratory. 18 Sections (0.5 mm) were cut with glass knives and stained with toluidine blue for orientation. Ultrathin (900 Å ) sections were cut with a diamond knife, stained with uranyl acetate and lead citrate, and examined by EM (Philips Morgagni Model 201; Philips, Eindhoven, Amsterdam). They were also evaluated and photographed. Each EM photomicrograph was reviewed independently by two investigators. Parameters included presence of structurally abnormal mitochondria, increased numbers of mitochondrial profiles per field, intramitochondrial lamellar bodies, abnormal cristae density, cristae reduplication, mitochondrial swelling, and intramitochondrial paracrystals. 5 mtDNA Density Changes in mtDNA were normalized to LV mass. The ratio was used to define an index of mitochondrial density in the heart. Ratios of cardiac mtDNA abundance to LV mass were calculated (mtDNA density) for each individual mouse. Mean mtDNA densities were determined for each cohort and changes from WTs were calculated for each TG and treatment. Temporal changes in mtDNA density were also determined for each WT and TG (3 weeks compared to 10 weeks).
Statistical Analysis
Data were expressed as the ratio of mean values for mtDNA to the mean values of nDNA Â 10
À3
. Resultant values were expressed as mean ± standard error, normalized to untreated WT mean (set at 1.0). A value of Po0.05 was considered statistically significant. Echocardiographic determinations from all groups were compared by one-way ANOVA. 17 
RESULTS
Age-Related Changes in mtDNA
Wild-type FVB/n mice were assessed for mtDNA abundance in skeletal and cardiac muscle tissues at intervals from 7 to 26 weeks (a critical period for development, 19 somewhat analogous in humans to young adulthood). Results defined changes in mtDNA abundance associated with this time of continued growth and increase in muscle mass between 7 and 16 weeks of age ( Figure 1 ). Skeletal muscle demonstrated a step-wise increase in mtDNA/nDNA ratio from 7 to 13 weeks, and again at 16-18 weeks (Figure 2a ). Cardiac muscle increased in mtDNA abundance between 13 weeks and 16-18 weeks (Figure 2b ). mtDNA/nDNA reached a plateau (2.8±0.2) at 16-18 weeks and stabilized to the 26-week end point.
Temporal Changes in mtDNA Abundance Following Treatment with AZT-HAART On the basis of above, 8-10-week-old mice were used to define NRTI effects. Mice were treated with AZT-HAART or vehicle for 3 or 10 weeks. This corresponds to cardiac growth (11-13 weeks) or mature adult murine heart (19-22 weeks), at termination (Figure 1 ). mtDNA abundance was Figure 2 Temporal changes in mtDNA abundance during maturation to adult. Skeletal muscle and cardiac tissues (a and b, respectively) were collected from WT FVB/n cohorts at various end points in early age beginning at weeks 7-9 (youth) at intervals up to 26 weeks (adult).
mtDNA, murine heart, and NRTIs JJ Kohler et al determined in cardiac tissues of WT mice and each of five different TGs with and without antiretrovirals.
TK2 native and mutant TGs demonstrated three distinct outcomes. At 3 weeks, vehicle-treated TK2 native TGs exhibited control levels of mtDNA whereas TG littermates combined with AZT-HAART resulted in increased cardiac mtDNA abundance (Figure 3a) . Alternatively, mutant TK2 TGs (H121N and I212N) alone also exhibited increased mtDNA in myocardial extracts at 3 weeks, in this case independent of AZT-HAART treatment. After 10 weeks, TK2 native TGs increased mtDNA abundance independent of AZT-HAART treatment, suggesting a transgenic effect (Figure 3b ). I212N TK2 TGs continued to demonstrate increased mtDNA abundance as a transgenic effect, independent of AZT-HAART (Figure 3b ). In contrast, H121N TGs exhibited control levels of mtDNA in both vehicle-and AZT-HAART-treated cohorts compared to WT littermates at 10 weeks (Figure 3b) .
Unlike the increase in mtDNA that resulted in TK2 native and mutant TGs, Y955C TGs consistently demonstrated significantly decreased mtDNA abundance in myocardial extracts (o50%, Po0.05) compared to WTs at both 3 and 10 weeks (Figure 3a and b) . This decrease in mtDNA occurred independent of AZT-HAART, suggesting the mutant transgene alone was responsible for the marked decrease in mtDNA abundance. The absolute decrease in mtDNA abundance induced in the Y955C TGs (vehicle treated) worsened over time (0.5 at 3 weeks to 0.3 at 10 weeks; B19% change).
Cardiac Function in TG Cohorts
Cardiac function was assessed echocardiographically for each group of TG and WT mice at 3 and 10 weeks as a function of AZT-HAART treatment. Both LV mass and LVEDD were determined. The impact of each TG on cardiac function at 3 weeks varied step-wise from no change to prominent left ventricle hypertrophy (LVH), depending on the nature of the specific TG. TK2 native overexpressor TG LV mass was comparable to WT (Figure 4a ). H121N mutant TK2 had no effect. When AZT-HAART was added, TGs exhibited a small but significant LV mass increase (Figure 4a ). I212N mutant TK2 TGs exhibited LVH, independent of AZT-HAART (Figure 4a) . Likewise, Y955C TGs exhibited LVH with the greatest change in LV mass among all the TG cohorts. In addition, Y955C LVH was further exacerbated by AZT-HAART (Figure 4a) , suggesting a synergy of effects induced by both the transgene and NRTI treatment.
An interesting outcome occurred after 10 weeks. Independent of the specific transgene, all TG cohorts demonstrated LVH that was further amplified by AZT-HAART (Figure 4b ). Even WT cohorts treated with AZT-HAART exhibited LVH compared to vehicle-treated littermates.
LVEDD remained unchanged in TG cohorts at 3 weeks. The exception was Y955C (Figure 5a ) where LV dysfunction and LV dilation occurred early and persisted to 10 weeks. LVEDD increased in H121N and I212N TGs when combined with AZT-HAART (Figure 5b ). Although LVH occurred in all TGs with or without AZT-HAART at 10 weeks, dilation Figure 3 Longitudinal changes in relative mtDNA abundance after AZT-HAART treatment initiation. Using '2 Â 2' protocols, four different TGs were treated with AZT-HAART or vehicle for 3 and 10 weeks duration (a and b, respectively) and mtDNA abundance levels from cardiac tissues were determined and compared to WT littermates. mtDNA, murine heart, and NRTIs JJ Kohler et al occurred only in TK2 mutant TGs (ie, native TK2) after 10 weeks of AZT-HAART.
EM Features of Mitochondria in TG Hearts
EM changes in cardiac mitochondria of the TGs were defined. Because LVH was found in all TGs and WTs treated with AZT-HAART at 10 weeks, observable ultrastructural changes were expected. Vehicle-treated WTs demonstrated normal, characteristic, oval mitochondria that contained densely packed cristae (Figure 6a ). AZT-HAART-treated WTs maintained normal mitochondrial size and shape but with less prominent and discernable cristae (Figure 6b ), indicating an NRTI-treatment effect on WT mitochondrial structure after 10 weeks. Vehicle-treated TK2 TGs (native TK2, and H121N or I212N mutants) exhibited mitochondria of normal size with essentially no detectable changes when compared to WTs (Figure 6a ). H121N and I212N TK2 mutant TGs had relatively few changes following AZT-HAART treatment, whereas native TK2 TGs demonstrated irregular shaped mitochondria with less prominent, truncated cristae that resembled that of WTs undergoing similar treatment (Figure 6b ). Vehicle-treated Y955C TGs exhibited increased mitochondrial number, irregular shape, and sparse fragmented cristae (Figure 6a ). Additive ultrastructural damage to Y955C TGs following AZT-HAART was not easily discernable. This could result from the 'high background' damage in the vehicle-treated TGs (Figure 6b ).
Changes in mtDNA Density
Cumulative mtDNA abundance and cardiac functional data were complex. To summarize the data cohesively and integrate these parameters, a mathematical relationship between mtDNA abundance and LV mass was calculated. This derived number was operationally defined as 'mtDNA density'. Resultant calculations (Table 1) mtDNA, murine heart, and NRTIs JJ Kohler et al compared to 3 weeks (Po0.05) and H121N TGs in which mtDNA density decreased at 10 weeks compared to 3 weeks (Po0.001).
DISCUSSION
Normal cardiac function depends on adequate mitochondrial energy production. 20 TGs were used to interrupt nucleoside homeostasis and mtDNA replication selectively. Results revealed that animal maturation and molecular factors impact mitochondrial biogenesis and cardiac function.
Biological effects of age (in maturation to adulthood) were explored in parallel to pharmacological treatment. A 'growthrelated' increase in mtDNA abundance was found in both skeletal and cardiac muscle tissues of the parental FVB/N strain (7-9 weeks up to 16-18 weeks of age). Increased mtDNA abundance correlated with muscle maturation. Different murine strains may respond to cardiac stimuli in different ways.
21 TK2 and pol-g is well conserved between rodentic strains so the likelihood of strain-specific effects at that level is small. Nonetheless, data from these experiments may vary somewhat to data obtained on other inbred murine strains. Nevertheless, the biological relevance of growth-related changes in mtDNA abundance remains unclear and is worthy of further investigation.
Regulation of mitochondrial pathways allows organisms to meet short-term changes in energy demand. When metabolic demand persists, remodeling of mitochondrial structure and function occurs to accommodate such needs (reviewed in Moyes and Hood 22 ). This process is integral to developmental, physiological, and pathological conditions including myogenesis, development, exercise, and environmental stress.
Of the TGs examined here, Y955C caused the worst defects in cardiac mtDNA replication both in amplitude and rapidity of onset. In parallel, cardiac dysfunction was substantial, and was worsened by NRTIs. Interestingly, GFP overexpression driven by a-myosin heavy chain promoter suggested that transgenic overexpression alone could induce dilated CM. 23 A factor in that study was the 'dose-dependent effect'. Only two of the TG lines with highest expression exhibited CM. Conversely, low copy number TG lines used here demonstrated survival comparable to WTs. [11] [12] [13] In addition, native TK2 TGs exhibited neither CM nor changes in mtDNA at 3 weeks compared to Y955C TGs. It may be possible to consider cardiac-targeted native pol-g TG could serve as an important control, but this TG was not available at the time of these studies. Data here support the concept that pathogenetic mutations in pol-g profoundly impact mitochondrial homeostasis and yield a CM phenotype.
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TK2 (located intramitochondrially) is the primary kinase of pyrimidine nucleosides. TK2 has no catalytic activity on purines. 25 Cardiac-targeted TK2 TG mutants exhibit reduced activity. 8 The potential impact of TK2 (either native or mutant) results in cardiac dysfunction by 10 weeks of AZT-HAART. With native TK2, it is plausible that increased TK2 mass could disrupt the intramitochondrial substrate (nucleotide) pool balance or availability of pol-g nucleotide substrate and lead to changes in mtDNA abundance at the level of substrate. DNA precursor pool asymmetries in mammalian mitochondria have been proposed to contribute to mtDNA mutagenesis through reduced mtDNA replication fidelity. 26, 27 Nucleotide pool changes brought on by overexpression of TK2 could lead to altered mtDNA replication fidelity. mtDNA, murine heart, and NRTIs JJ Kohler et al
The disparate outcomes on mtDNA abundance associated with TK2-targeted TGs (increased mtDNA abundance) in contrast to pol-g TG (decreased mtDNA abundance) reinforce clinical observations and disparate outcomes that occur in human patients undergoing identical treatments. The underlying implication is that genetic factors such as unique mutations in key genes involved in mtDNA replication can impact the overall mtDNA biogenesis in different ways. Depending on the specific mutation, changes in pathophysiological phenotype (ie, cardiac function) may exhibit early onset (ie, 3 weeks in FVB/n), be delayed until a threshold is reached (ie, 10 weeks in FVB/n), or remain undetected. In some cases, an existing genetic mutation may have no impact alone, but when combined with a pharmacological agent (eg, NRTI) reach the critical threshold through a synergistic effect that renders a phenotypic change. The 'gene-environment' interaction has implications for 'personalized medicine'. 28, 29 In summary, targeting proteins involved in mtDNA replication yielded distinct effects on cardiac mtDNA abundance and myocardial function (Figure 7 ). Y955C disrupted mtDNA replication early. Neither mutations in TK2 resulted in early mtDNA changes, but long-term changes resulted. Mutant TGs (Y955C, H121N, and I212N ) had greater impact on changes in mtDNA abundance and cardiac dysfunction than native TK2. mtDNA, murine heart, and NRTIs JJ Kohler et al
